The ABO3 perovskite lanthanum ferrite (LaFeO3) is a technologically important electrode material for nickel-metal hydride batteries, energy storage and catalysis. However, the electrochemical hydrogen adsorption mechanism on LaFeO3 surfaces remains under debate. In the present study, we have employed spin-polarized density functional theory calculations, with the Hubbard U correction (DFT+U), to unravel the adsorption mechanism of H2 on the LaFeO3 (010) surface. We show from our calculated adsorption energies that the preferred site for H2 adsorption is the Fe-O bridge site, with an adsorption energy of −1.178 eV (including the zero point energy), which resulted in the formation of FeOH and FeH surface species. H2 adsorption at the surface oxygen resulted in the formation of a water molecule, which leaves the surface to create an oxygen vacancy. The H2 molecule is found to interact weakly with the Fe and La sites, where it is only physisorbed. The electronic structures of the surface-adsorption systems are discussed via projected density of state and Löwdin population analyses. The implications of the calculated adsorption strengths and structures are discussed in terms of the improved design of nickel-metal hydride (Ni-MH) battery prototypes based on LaFeO3.
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Lanthanum ferrite (LaFeO3) is a technologically important electrode material for nickel-metal hydride batteries, energy storage and catalysis. However, the electrochemical hydrogen adsorption mechanism on LaFeO3 surfaces remains under debate. In the present study, we have employed spin-polarized density functional theory calculations, with the Hubbard U correction (DFT+U), to unravel the adsorption mechanism of H2 on the LaFeO3 (010) surface.
Introduction
Over the past decade, hydrogen has become increasingly recognised as a promising clean future energy vector. It has both strategic and environmental benefits, since it is carbon-and pollutionfree, and has water as its combustion product. 1 Compared to the widely used gasoline and coal, it possesses a higher energy content per unit mass. 2 The key to using hydrogen effectively and safely is the development of novel storage systems, and there is therefore considerable interest in devising novel hydrogen storage media that can store large quantities of hydrogen. 3−10 One of the best solutions is to store it in the solid state in the form of a metal hydride, which is the main material in the negative electrodes of nickel-metal hydride (Ni-MH) secondary batteries, 3, 9, 11 which have a high energy density, good discharge ability at low temperature, long life cycle, no memory effect and are environmentally acceptable. 12−14 Other promising materials that are gaining increased attention for their hydrogen storage potential include carbon nanotubes, metal-doped carbon nanotubes, metal and covalent organic frameworks (MOFs, COFs) and clathrate hydrates. 3−10 Nanostructured carbon materials, especially carbon nanotubes (CNTs) and carbon nanofibers (CNFs), have received the most attention among emerging materials for hydrogen storage in the solid state, owing to several unique properties. 15−20 For example, in single-walled CNTs, all carbon atoms are exposed at the surface, making this a material with the highest possible surface-to-bulk atom ratio and therefore highly surface active. 15, 18 20 The earliest experiments on the hydrogen storage capacity of CNTs were performed by Dillon and co-workers who obtained 10-20wt% of capacity. 20 Doping CNTs with transition metals that typically form hydrides, including palladium, platinum, and vanadium, is found to increase the hydrogen storage capacity of the CNTs by around 30% without adversely affecting the fast desorption kinetics. 6, 21 For MOFs, the hydrogen sorption behaviour indicates that they reversibly store hydrogen at ambient temperature and moderate pressures, with a typical storage capacity of 1.0wt%, 22−24 which can easily be increased by introducing larger organic moieties into the frameworks. 4 For portable electrical devices and transport vehicles, such as electric vehicles (EVs), hybrid electric vehicles (HEVs), and plug-in hybrid electric vehicles (PHEVs), rechargeable batteries are regarded as one of the most efficient, simplest, and reliable systems, meeting the criteria established by the U.S. Department of Energy for commercial applications of hydrogen storage systems. 25, 26 To date, most research has focused on developing advanced Li-ion and Ni-MH batteries as high energy density power sources with good environmental compatibility. Ni-MH batteries are considered the preferred choice for practical applications, and are widely studied because of their high capacities, fast charge and discharge capabilities, environmentally friendly characteristics, and long cyclic stability. 27−29 They are also reasonably priced and show a high charge/recharge rate compared to other small-size rechargeable batteries such as Li-ion batteries. Traditional negative electrode materials include AB5, AB2, AB, and Mg-based alloys. 30−34 Although AB5-type alloys have been widely applied in portable electric devices, hand tools and vehicles, they have a high cost and low reversible capacity (about 300 mAh/g).
Significant research effort has therefore been expended on the development of new negative electrode materials to reduce the cost and improve the capacity.
In recent years, ABO3 perovskites have attracted attention as potential negative electrode materials in Ni-MH batteries. 35−41 They are mixed-metal oxides that are of scientific and practical interest because of their low price, adaptability, and thermal stability, which often depends on their bulk and surface characteristics. The perovskite-type oxides ABO3 have also been widely used in applications such as fuel cells, catalysis, corrosion inhibition and as electrochemical capacitors. 42, 43 Their capacity and stability as anodic materials is much higher than that of traditional materials. 44 The doped perovskite oxide ACe1-xMxO3-δ (d (A = Sr or Ba, M = rare earth element) was first considered by Esaka et al. as an anode material in Ni/MH batteries due to its reasonable hydrogen solubility at room temperature. 36 and ambient pressure. 45 The perovskite-type oxide LaFeO3 has also been widely considered as a potential negative electrode material in Ni-MH batteries, owing to its high electrochemical capacity and natural abundance. 36, 37, 46 Deng and co-workers showed that the discharge capacity of La1-xSrxFeO3 (x = 0.2, 0.4 and 0.6) oxide electrodes can reach 543 mAh/g with a current density of 31.25 mA/g at 60 °C, which is much higher than that of AB5 alloys. 40 Despite these studies, the electrochemical hydrogen storage mechanism remains unknown, and its elucidation requires molecular-level investigations to understand how the H atoms combine with the perovskite oxide.
In the present study, we have employed spin-polarized DFT calculations with the GGA-PBE exchange-correlation functional to investigate the structures and compositions of the preferred low-index surfaces of LaFeO3 and, subsequently, hydrogen adsorption on the (010) surface with the aim to understand the interaction mechanism with the surface and provide theoretical direction for experimental correlation. Understanding the surface adsorption mechanism will enable us to learn to control the pathway of the reactions leading to desired products.
Computational Details
The calculations were performed within the plane-wave pseudo-potential density functional theory (DFT) method 47, 48 as implemented in the Quantum-ESPRESSO package. 49 Spinpolarized calculations were employed using the generalized gradient approximation (GGA) for the exchange-correlation functional with the Perdew-Burke-Ernzerhof (PBE) functional.
Ultrasoft pseudo-potentials were used, where 5s, 5p, 5d, 6s, and 6p states were considered for La with 11 electrons, 3s, 3p, 3d, 4s, and 4p states for Fe with 16 electrons, 2s and 2p states for O with 6 electrons and the 1s state for H with 1 electron. The Fermi surface effects were treated by the smearing technique of Fermi-Dirac, using a smearing parameter of 0.003 Ry. An energy threshold defining self-consistency of the electron density was set to 10 -6 eV and a beta defining mixing factor for self-consistency of 0.2. A kinetic-energy cut-off of 30 Ry and charge density cut-off of 180 Ry were used for the smooth part of the electronic wave functions and the augmented electron density, respectively. Brillouin zone integration was done using 4×4×4 and 4×4×1 Monkhorst-Pack 50 k-point grids (centred at the Γ point) for bulk LaFeO3 and the surface slab models, respectively. Structural relaxation was carried out to minimize the energy using the conjugate gradient method within the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, 51 until the magnitude of the residual Hellmann-Feynman force on each relaxed atom reached 0.01 eV Å -1 . Visualization of the structures was obtained using the XCrySDen programme. 52, 53 We considered the G-type anti-ferromagnetic LaFeO3 material, which has an orthorhombic perovskite structure, not only in the bulk structure but also in the slab model. The different surface structures were created from the fully optimized bulk structure in order to eliminate the presence of fictitious forces during surface relaxation. To create the surfaces from the bulk, the METADISE code was used, 54 which not only considers periodicity in the plane direction but also provides the different atomic layer stacking resulting in a zero dipole moment perpendicular to the surface plane, as is required for reliable and realistic surface calculations.
A vacuum of 12 Å was introduced to the surface models in the z-direction, which is large enough to avoid any spurious interactions between periodic slabs. The relative stabilities of the LaFeO3 surfaces were determined according to their relaxed surface energy ( r  ), calculated as:
is the energy of the relaxed slab, bulk nE is the energy of an equal number (n) of bulk LaFeO3 atoms, A is the area of the slab surface and the factor of 2 reflects the fact that there are two surfaces for each slab. Using the calculated surface energies, we have determined the equilibrium crystal morphology of LaFeO3, using the Wulff construction approach. 55 According to Wulff's theorem, a polar plot of surface energy versus orientation of normal vectors would give the crystal morphology based on the theory of Gibbs, 56 which showed that under thermodynamic conditions, the equilibrium shape of a crystal should possess minimal total surface free energy for a given volume.
To determine the optimum adsorption sites and geometries for H2 adsorption, the atoms of the adsorbate and all the atomic layers of the slab were allowed to relax unconstrainedly until residual forces on all atoms had reached 0.01 eV/Å. The reference energy and the bond length of the H2 molecule in the triplet ground state in the gas-phase were obtained in a cubic cell of size 10 Å. The calculated bond length for H2, d(H−H) is 0.752 Å, which agrees well with the experimental value of 0.74 Å. 57 The nature of the bonding and charge transfer between the H2 molecule and the interacting surface species were analysed with the projected density of states (PDOS) and a Löwdin population scheme. 58, 59
Results and discussion

Bulk LaFeO3 Structure
LaFeO3 occurs in the orthorhombic perovskite structure and belongs to the space group Pbnm, with four formula units per unit cell as shown in Figure 1 . The lattice parameters, a = 5.6266 Å, b = 5.6083 Å, and c = 7.9401 Å, reported by Selbach and co-workers, 60 were used as the starting point for our structure optimizations. Full geometry optimization of the lattice parameters and atomic coordinates was carried out. We have considered different possible magnetic orderings at the Fe 3+ sites in the LaFeO3 structure and found that the ground state corresponds to an antiferromagnetic G-type ordering, as shown in Figure 1 , in agreement with the experimentally reported antiferromagnetic ordering at a Néel temperature of TN = 747 K. 61 We have also tested different U-values and their implications for the electronic band-gap and Table 1) . Table 1 shows a comparison between the structural, electronic, and magnetic properties for antiferromagnetic LaFeO3 calculated with GGA and GGA+U functionals. We found that although both the pure GGA and GGA+U predict a band gap for LaFeO3, pure GGA significantly underestimates the band gap (1.00 eV in this study, and 0.75 eV in Ref. 65 ) and the Fe magnetic moments (4.1 μB in this study and 3.7 μB in Ref. 65 ). These errors may arise from the self-interaction inherent in pure density functionals for strongly correlated systems that can be improved by the DFT+U approach, which accounts for the on-site Coulomb interaction in the relevant d orbitals. This effect is seen from the more accurate values for the band gap and magnetic moments obtained by the GGA+U calculations, listed in Table 1 . 
Hydrogen adsorption
Following the trend generally observed for surface reactivity, where the thermodynamically less stable surfaces are more reactive towards adsorbing species, 78−80 the LaFeO3 (010)
surface was chosen to investigate hydrogen adsorption and its surface-bound reactions, as the (010) is the least stable among the three surfaces studied, but is still a significant surface in the equilibrium morphology. The (010) plane is also the most examined surface of ABO perovskites such LaFeO3, BaTiO3, SrTiO3, LaAlO3 and BaZrO3. 68−74 Different high symmetry adsorption sites, i.e. on top of the Fe, La, or O sites or their bridging sites, as presented in Figure 4 , were examined in order to characterise the adsorption strength and properties of hydrogen molecules on the LaFeO3 (010) surface. However, after initially placing the adsorbates above these sites, they were free to move away from the sites during To evaluate the strength of the interaction between H2 and the different adsorption sites on the LaFeO3 (010) surface, we have calculated the adsorption energies (Eads) defined as follows: The lowest-energy structures for H2 adsorbed in molecular, dihydrogen and dihydride states were calculated at the Fe2 and O2 sites (Figure 5d) . Each initial adsorption state yields the same product (La-OH and Fe-H), thus releasing the same adsorption energy of 1.323 eV (i.e. Weaker interactions were calculated when H2 is adsorbed in the molecular and dihydrogen states at the oxygen sites, compared with adsorption as a dihydride ( Table 3) Table 4 . Due to the very weak interactions with the surface of the H2 molecule when adsorbed head-on on the (010) surface, no significant changes were observed in the surface structure.
According to Atkins and co-workers, 82 for LaFeO3 to be used as an anodic material in Ni-MH batteries, the ideal adsorption energy (bond enthalpy) should be in the range of 0.26−0.52 eV.
If the adsorption energy is too high, the overall reaction in the Ni-MH battery will not be 
Electronic Structures
In order to evaluate the effect of hydrogen adsorption on the electronic structure of the LaFeO3 
Summary and Conclusions
We have used spin-polarized density functional theory calculations with Hubbard U correction (DFT+U) to calculate the bulk structures and electronic properties of bulk LaFeO3. In order to assess the use of LaFeO3 as an anodic material in Ni-MH batteries, we have also investigated the adsorption of hydrogen gas on the LaFeO3 (010) surface. The GGA+U implementation provides the best model for describing bulk LaFeO3, which is calculated to be a G-type antiferromagnetic insulating material with a band gap of 2.43 eV and a Fe magnetic moment bridge sites suggest that these sites offer easy release of the adsorbed hydrogen atoms for electrochemical reactions. This energy also falls within the ideal adsorption energy (bond enthalpy) range of 0.26−0.52 eV for materials to be used as anodic materials in Ni-MH batteries, according to Atkins and co-workers. 82 We have observed water formation at the Otop site, irrespective of the form in which the H2 is adsorbed, which creates an oxygen vacancy at the surface. The adsorption of hydrogen on the LaFeO3 (010) surface is shown to be characterized by hybridization of the H−1s states and the interacting surface O−2p states and Fe−3d states, which results in a small charge transfer from the surface to the adsorbing hydrogen molecule. The calculated low adsorption energies of hydrogen at the LaFeO3 (010) surface have implications for the use of LaFeO3 in Ni-MH battery applications. The absorbed hydrogen atoms can be released/desorbed at practical temperatures and pressures at the LaFeO3 (010) surface, compared to other AB2 Zr-based alloys which have poor hydrogen desorption characteristics. 85, 86 The molecular-level information provided in the present study provides fundamental insight into the adsorption mechanism of hydrogen on the LaFeO3 (010) surface and should be useful in the design of nickel-metal hydride (Ni-MH) battery prototypes based on the ABO3 perovskite LaFeO3.
